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ABSTRACT

Selective autophagy is a specific elimination of certain intracellular substrates by autophagic pathways. The
most studied macroautophagy pathway involves tagging and recognition of a specific cargo by the
autophagic membrane (phagophore) followed by the complete sequestration of targeted cargo from the
cytosol by the double-membrane vesicle, autophagosome. Until recently, the knowledge about selective
macroautophagy was minimal, but now there is a panoply of links elucidating how phagophores engulf their
substrates selectively. The studies of selective autophagy processes have further stressed the importance of
using the in vivo models to validate new in vitro findings and discover the physiologically relevant mechan-
isms. However, dissecting how the selective autophagy occurs yet remains difficult in living organisms,
because most of the organelles are relatively inaccessible to observation and experimental manipulation in
mammals. In recent years, zebrafish (Danio rerio) is widely recognized as an excellent model for studying
autophagic processes in vivo because of its optical accessibility, genetic manipulability and translational
potential. Several selective autophagy pathways, such as mitophagy, xenophagy, lipophagy and aggre-
phagy, have been investigated using zebrafish and still need to be studied further, while other selective
autophagy pathways, such as pexophagy or reticulophagy, could also benefit from the use of the zebrafish
model. In this review, we shed light on how zebrafish contributed to our understanding of these selective
autophagy processes by providing the in vivo platform to study them at the organismal level and highlighted
the versatility of zebrafish model in the selective autophagy field.
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Debut of zebrafish as a new autophagy model

Autophagy describes a set of evolutionarily conserved lysoso-
mal degradation pathways of cytoplasmic components ranging
from single proteins to large organelles [1]. The process
involves adaptation to nutrient starvation or elimination of
pathogens and is fundamental during development to maintain
normal cell homeostasis [2]. There are several variations that
are defined as macroautophagy, microautophagy and chaper-
one-mediated autophagy (CMA). Macroautophagy is charac-
terized by formation of autophagosomes, the double-
membrane vesicles that enclose a portion of the cytosol or
specific cargo and fuse with the lysosomes or late endosomes
(Figure 1, top panel), whereas microautophagy involves direct
acquisition of cytoplasm or specific substrates by invaginating
lysosomal or endosomal membranes; and in CMA, soluble
proteins containing the KFERQ-like pentapeptide are recog-
nized by the HSPA8/HSC70 (heat shock protein family
A (Hsp70) member 8) chaperone and translocated across the
lysosomal membrane. CMA is in principle a selective process
where single polypeptides are recognized as unfolded/misfolded
when exposing their KFERQ-like binding sites to HSPAS [3].
For a long time, autophagy was considered to be nonselective
and deliver a bulk cytosol to the lysosomes for degradation and

recycling. It is now known that in many instances it is
a selective delivery of specific cargo to the lytic compartment,
e.g. targeted elimination of protein aggregates by aggrephagy,
pathogens by xenophagy, degradation of organelles, such as
mitochondria, endoplasmic reticulum, peroxisomes and lipid
droplets by mitophagy, reticulophagy, pexophagy and lipo-
phagy, respectively, as recently reviewed [4,5].

Zebrafish is a well-established model to study autophagy
now. However, the field of zebrafish autophagy was initiated
only in 2009 when Daniel Klionsky and colleagues identified
two zebrafish Atg8 homologs, Mapllc3b/Lc3 (microtubule-
associated protein 1 light chain 3 beta) and Gabarapa/
Gabarap (GABA(A) receptor-associated protein a), which
are involved in autophagosome formation, cargo recognition
and recruitment to the autophagic membrane [6]. The group
created transgenic (Tg) zebrafish lines, Tg(CMYV:eGFP-
mapllc3b) and Tg(CMV:eGFP-gabarapa), and described tem-
poral expression patterns of Mapllc3b and Gabarapa at the
early embryonic stage, which can be affected by autophagy
inhibitors. The authors discussed that several autophagy-
related (atg) genes, such as ulkl/Atgl, atg2, atg3, atgd, atg5,
becn1/Vps30/Atg6, atg7, Ic3/Atg8, atg9, atgl2 and atgl6 are
present in the zebrafish genome, which suggested that this
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Figure 1. Selective autophagy pathways and selectivity factors studied in zebrafish. Top panel displays main steps shared by all selective macroautophagy pathways.
Bottom panel shows selective macroautophagy pathways (mitophagy, xenophagy, lipophagy and aggrephagy) and their selectivity factors studied in zebrafish to
date. See text for details.



organism may be useful as a model system for studying the
mechanism and function of autophagy. These findings pro-
vide the first instance of monitoring autophagy in zebrafish.
The transparency of zebrafish embryos further attracted the
attention of cell biologists using zebrafish as a model to study
autophagic processes. Since the initial publication by He et al.
in 2009, the interest in zebrafish autophagy models has grown
substantially. A dual Tg(CMV:eGFP-mapllc3b; eeflalll:
mCherry-lampl) reporter line was used to further elucidate
the role of lysosome acidification in senescence in larval
zebrafish [7]. The development of this new generation of
dual fluorescent probes further strengthened the use of zebra-
fish model in autophagy field, as reviewed in [8].

There are many features that make zebrafish the organism of
choice for autophagy studies (see Table 1). Zebrafish model has
received a lot of attention to close the gap between in vitro and
in vivo assays as its embryogenesis is a rapid ex utero process
amenable to noninvasive intravital imaging and longitudinal ana-
lysis. Moreover, embryo transparency during the early life stages
makes observation of the whole body and organ formation pos-
sible. It allows researchers to label specific proteins and cell types
for high-resolution fluorescence microscopy. In addition, antibo-
dies that can be used to analyze autophagy in zebrafish have been
listed elsewhere [9]. Using microinjection techniques at 1-4 cell
stage of the embryo, zebrafish transient gene knockdowns (KDs)
can be generated by application of antisense morpholino oligo-
nucleotides what allows for a rapid test of gene involvement in
autophagy. However, the off-target and less durable effects of
morpholinos should be considered. The effects can be evaluated
by using multiple morpholinos or by using alternative approaches,
e.g. injection of four-guide clustered regularly interspaced short
palindromic repeats-Cas9 ribonucleoprotein complexes that can
cause biallelic gene disruption in GO [10]. However, the potential
drawback of gene disruption is genetic compensation due to
mutant mRNA decay that can be minimized by creating mutant
alleles that do not transcribe [11]. The same is also important for
gene knockout (KO) strategies with transcription activator-like
effector nucleases or clustered regularly interspaced short palin-
dromic repeats that are often used to generate stable lines and
might explain why the morpholino gene KD and the KO of the
same gene with other approaches not always yield the same out-
comes. Finally, exploiting the Gal4-UAS and Cre-lox systems, it is
possible to define the functional roles of atg-genes in the cell- or
tissue-specific manner [12-15].

The zebrafish model has several advantages over other ani-
mal model systems used in autophagy field (Table 1). It has
a high fecundity rate when a pair of adult zebrafish can breed
rapidly (approximately every 7 days) and produce as many as
100 to 200 eggs at a time. This is helpful where large number of
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accurate and reproducible results. Zebrafish is becoming
a popular and useful model in the biomedical field also because
its genome has a high degree of conservation with human
genome. The zebrafish genome study highlighted that 70% of
human protein-coding genes are related to zebrafish genes and
82% of disease-causing human proteins have a zebrafish ortho-
log making zebrafish an attractive model organism for human
disease research [16]. The ability to study molecular and cell
biology of autophagy in the context of specific diseases, espe-
cially those for which mouse is not a good model of human
processes, is another advantage of zebrafish. Here, we review
the advances made using zebrafish for studying the selective
autophagy processes and associated diseases.

Zebrafish as a tool for studying selective autophagy
processes

While CMA was recently identified in fish (medaka) extending
the availability of this important pathway beyond mammals
and birds [17], most of the zebrafish research has been focused
on the selective macroautophagy pathways, such as mitophagy,
xenophagy, lipophagy and aggrephagy, to date (Figure 1). The
common theme for these 4 pathways is tagging of the specific
cargo to be degraded with ubiquitin by the specific E3 ubiqui-
tin-protein ligase followed by recognition of the ubiquitinated
substrate by at least one ubiquitin-binding selective autophagy
receptor. The autophagic receptors are the proteins that bring
the core autophagic machinery to the cargos and bridge them
with the phagophore. It is important to note that some recep-
tors can recognize their substrate directly, bypassing the need
for its ubiquitination. Usually, such receptors have narrower
substrate specificity and are normal constituents of cargo sur-
face where they are turned on when needed by phosphorylation
of the key protein binding sites. To close the gap on the other
end and connect their substrates with a growing phagophore,
autophagic receptors bind the phagophore/autophagosome
membrane protein that belongs to the Atg8 family using their
Atg8-family interacting motif, which is also known as the LC3-
interacting region. Recently, both the selective autophagy
receptors and Atg8-family proteins were extensively reviewed
in the excellent publications [5,18].

Because most of the early selective autophagy studies in
mammals were done in vitro using cell lines often overexpres-
sing the proteins of interest and using non-physiological
stresses, such as drug exposure, many findings require further
validation in vivo. For example, understanding of how protein
members of two Atg8 subfamilies - LC3 and GABARAP -
play their unique roles in the selective autophagy is incom-
plete. Thus, it is now vital to contextualize how selective

animals is needed for phenotypic screening to produce more autophagy occurs in the multicellular, multiorgan
Table 1. Comparison of different animal models widely used in autophagy research (adapted from [87]).
Model Caenorhabditis elegans Drosophila melanogaster Danio rerio Mus musculus
Life cycle Short (3.5 days) Short (12 days) Long (10-12 weeks) Long (50-60 days)
Gene homology for human diseases 65% 75% 84% >90%
Anatomy Relatively simple Relatively simple Vertebrate Vertebrate
Husbandry and animal costs Very low Low High Very high
Screening assays Simple Simple High-throughput and high-content Low throughput
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Table 2. Tools to study selective autophagy in zebrafish.

Line/Reporter/Construct Relevant selective autophagy pathway Reference
Tg(CMV:eGFP-map1lc3b) Many [6]
Tg(CMV:eGFP-gabarapa) Many [6]
Tg(CMV:eGFP-map1Ic3b; eeflalll:mCherry-lamp1) Many [71
Tg(lyz:RFP-GFP-map1ic3b) Many [53]
Tg(elavi3:eGFP-map1lc3b) Many [85]
Tg(lyz:GFP-sqstm1) Many [52]
Cox8A-GFP-mCherry Mitophagy [26]
pCS2 + Venus-iLID-ActA Mitophagy [30]
pCS2 + HsAMBRA1-RFP-SspB Mitophagy [30]
Tg(5kbneurod:mito-mEos) Mitophagy [38]
Tg(ubi:mito-Keima) Mitophagy [39]
Tg(ubi:mito-GR) Mitophagy [39]
apoBb, Ntue/Nluc Lipophagy [69]
Tg(rho:eGFP-tau) Aggrephagy [82]
Dendra-MAPT/tau (in pDendra2) Aggrephagy (82]
Dendra-MAPT/tauWT (in pDestTol2CG2) Aggrephagy [83]
Dendra-MAPT/tauA152T (in pDestTol2CG2) Aggrephagy [83]
C99-GFP-P2A-GFP Aggrephagy [84]

environment of the entire organism under physiological con-
ditions. To showcase zebrafish selective autophagy tools
(Table 2), we provide recent examples of mitophagy, xeno-
phagy, lipophagy and aggrephagy studies done in zebrafish
and summarize their outcomes for autophagy field.

Mitophagy

Mitophagy is known to be one of the best studied selective
autophagy processes, which involves the removal of damaged
mitochondria via autophagy, prevents cellular damage and
apoptosis [19]. Disruptions in mitophagy are linked to mus-
cular dysfunction [20], neurodegenerative diseases, such as
Parkinson disease (PD) [21], and other diseases (see below).
Zebrafish model has been widely used in understanding the
role of mitophagy in neurodegeneration, as reviewed [22].
Despite there are multiple mechanisms observed in vitro by
which mitochondria are sequestered for autophagic clearance,
the mitophagy in vivo is understudied.

Early evidence linking mitophagy to PD arose when muta-
tions in both PINK1 (PTEN induced kinase 1) and PRKN
(parkin RBR E3 ubiquitin protein ligase) were found to be
associated with Parkinsonism in humans [23]. Several inde-
pendent studies have demonstrated that PINK1 detects mito-
chondrial dysfunction and then, signals PRKN to ubiquitinate
specifically the damaged mitochondria for their removal by
autophagy [24]. Recently, the zebrafish PD model with pinkl
gene deletion was developed and characterized by mitochon-
dria defects and loss of neurons [25]. This model was further
exploited for drug screening. By using this tool, the drugs
such as piperazine phenothiazines (e.g. trifluoperazine) were
found to ameliorate the pinkI defect by activating autophagy.
Later, the first zebrafish mitophagy reporter line expressing
Cox8a (cytochrome c oxidase subunit 8A)-GFP-mCherry, the
GFP-mCherry tandem-tagged mitochondrial protein, Cox8a,
was constructed [26]. This reporter was used to measure
mitophagic flux, the ratio of red (lysosomal) to yellow (cyto-
solic) mitochondrial puncta, and made it possible to confirm

the role of another PD-related gene, NIPSNAPI, in mitophagy
in vivo using the zebrafish model (Figure 1).

Many human disorders have been linked to imbalances in
mitochondrial quality control process [27]. For example,
BDH2 (3-hydroxy butyrate dehydrogenase 2) catalyzes a rate-
limiting step in the formation of small iron-binding com-
pounds, siderophores, that facilitate the import of iron into
mitochondria. It has been shown that inactivation of the bdh2
gene in zebrafish embryos leads to heme deficiency and slows
down erythroid maturation [28]. Interestingly, bdh2 inactiva-
tion in zebrafish results in dysfunction of mitochondria, their
increased degradation by mitophagy and premature loss of
these organelles that can be rescued by reintroduction of the
bdh2 gene [29]. In another study, the in vivo induction of
mitophagy through the optogenetic bimodular system was
used in zebrafish ambrala KD larvae [30]. Zebrafish
Ambrala (autophagy/beclin-1 regulator 1a) is an ortholog of
human AMBRA1 (HsAMBRA1) and protects zebrafish from
myopathy and accumulation of swollen, and aberrant mito-
chondria in skeletal muscles [31]. It has been previously
reported that HSAMBRA1 can bind LC3 to enhance autopha-
gosome production following mitochondrial damage [32]. In
the aforementioned optogenetic system, the authors used
Venus-iLID-ActA, which is a more stable version of GFP
(Venus) combined with the improved light-induced dimer
(iLID) blue light sensor and mitochondrial anchor (ActA)
[30]. Despite the fact that Venus-iLID-ActA fully colocalized
with Tomm20b (translocase of outer mitochondrial mem-
brane 20b), murine TOMM?20 is rapidly degraded by the

proteasome under mitophagy-inducing conditions [33].
Nevertheless, Venus-iLID-ActA was co-injected with
HsAMBRA1-RFP-SspB-expressing plasmid in zebrafish

ambrala embryos and the question of whether mitophagy
could be induced by blue light was addressed [30]. In the
absence of light, HsSAMBRAI remains in the cytosol, but after
short bursts of blue light iLID changes its conformation what
allows it to bind with a high affinity to SspB forcing
HsAMBRA1 to the mitochondria’s outer membrane. In



double-positive ~ Venus-iLID-ActA/HsAMBRA1-RFP-SspB
embryos, mitochondria appeared rounded, while the Venus-
iLID-ActA intensity per single fiber was significantly
decreased, suggesting an ongoing mitochondrial clearance
i.e. mitophagy. However, no changes were detected in Venus-
iLID-ActA/RFP-SspB embryos without HsAMBRAIL [30].
These studies showcase that both lack and overabundance of
mitophagy leads to pathology in zebrafish that can be effi-
ciently ameliorated by various pharmacological, genetic and
optogenetic approaches. One of the biggest advantages of
using zebrafish model for research is its amenability to drug
exposure. Many drugs were used previously to induce or
inhibit mitophagy in the in vitro studies and could potentially
be used in the zebrafish mitophagy research. They have been
comprehensively reviewed recently [34,35].

Interestingly, zebrafish model was also used to recapitulate
methylmalonic acidemia (MMA), which is a common inherited
metabolic disease caused by the deficiency of an enzyme found
in mitochondria and known as MMUT (methylmalonyl-CoA
mutase) [36]. Using cell culture model, deficiency of MMUT
was shown to lead to mitophagy dysfunction and accumulation
of damaged mitochondria. Because the Mmut KO mice devel-
oped neither structural changes, nor significant kidney failure,
they could not recapitulate the kidney disease associated with
human MMA patients. In contrast, the mmut-deficient zebra-
fish exhibits the MMA disease-relevant phenotype, including
liver/kidney mitochondriopathy, behavioral changes and
excessive mortality. This study shows a potential of this zebra-
fish model to study the involvement of mitophagy in MMA
in vivo. In another study, zebrafish model system was explored
to see the effects of resveratrol on aging-related alterations in
retinas, including mitochondrial DNA integrity and copy num-
ber, mitochondrial fusion and fission, mitophagy and autopha-
gy [37]. Because resveratrol increased Pinkl expression in
aging zebrafish retina among other effects that increase the
quality and function of mitochondria, it holds a potential for
prevention of the aging-induced oculopathy in zebrafish and
other vertebrates. Together, these studies illustrate a high utility
of zebrafish model in exploring various human mitophagy-
related diseases and their potential therapeutic interventions.

Recently, Mandal et al. developed Tg(5kbneurod:mito-
mEos) to interrogate the behavior of mitochondria in neurons
in vivo in the embryonic and larval zebrafish posterior lateral
line mechanosensory system [38]. This reporter could also be
used to study mitophagy, because it allows to distinguish the
preexisting mitochondria from new mitochondria. The mito-
mEos fusion protein can be stably photoconverted from
“green” to “red” using 405 nm illumination. Therefore, it
allows a pulse-chase analysis of “red” mitochondria turnover
and is especially useful in the regions of neurons with high
turnover, such as axon terminals. Finally, the group of
Goessling generated the zebrafish mitophagy reporter lines
with the pH-sensitive biosensors, Tg(ubi:mito-Keima) and Tg
(ubi:mito-GR) [39]. These tools enable quantitative in vivo
light microscopy analysis of mitophagy in real-time during
embryonic development or in response to stress. They have
helped to detect frequent mitophagy events during develop-
ment in the heart, vasculature, liver, kidney, brain and spinal
cord. This is the first intravital time-lapse mitophagy analysis
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tracking simultaneously the mitochondrial fission, pH change
and trafficking of mitochondria to autolysosomes in
a vertebrate. Moreover, it has already provided a very useful
mechanistic insight that Bnip3, but not other mitophagy
receptors, such as Bnip3la/Nix or Fundcl, is required for
hypoxia-induced mitophagy in vivo [39] (Figure 1). Taken
together, a plethora of mitophagy studies using zebrafish as
a model contributed a lot of in vivo knowledge to the selective
autophagy field. Because mitochondrial dynamics and its
molecular mechanisms were primarily investigated in cell
culture in the past, even more in vivo studies are needed to
provide novel mechanistic insights on mitophagy in verte-
brates under physiological and pathophysiological conditions.

Xenophagy

Xenophagy is a selective autophagy that is activated during
host-pathogen interactions. It is the ability to capture invasive
viruses, bacteria, fungi and parasites, thus safeguarding the
health of host cells. Most of the xenophagy studies carried out
in zebrafish model focused on bacterial infection, as reviewed
[40]. Using zebrafish, a wide variety of pathogenic bacteria,
including Salmonella enterica serovar Typhimurium [41,42],
Shigella flexneri [43,44], Pseudomonas aeruginosa [45,46],
Burkholderia cenocepacia [47,48], Listeria monocytogenes
[49], Staphylococcus aureus [50-53], Mycobacterium marinum
[54], Mpycobacterium abscessus [55], Mycobacterium leprae
[56] and Vibrio cholerae [57] have been investigated providing
new insights about the cellular response to infection in vivo.
For example, it was shown that Salmonella plasmid virulence
gene spvB from S. enterica serovar Typhimurium that causes
bacterial gastroenteritis can inhibit autophagic activity and
enhance bacterial virulence [58]. Taking advantage of
a zebrafish model for tuberculosis, it has been shown that
Draml (DNA damage regulated autophagy modulator 1) acts
downstream of the pathogen recognition and activates the
selective autophagy of mycobacteria [59] (Figure 1). It was
shown that draml expression was significantly reduced dur-
ing M. marinum infection in the absence of Myd88 (MYD88
innate immune signal transduction adaptor). Morpholino KD
of myd88 or dram1 in eGFP-Mapllc3b embryos infected with
M. marinum resulted in reduced number of eGFP-Mapllc3b
puncta. On the other hand, overexpression of draml
increased the autophagy response in infected cells promoting
a colocalization between Map1lc3b and bacteria. The authors
concluded that this Dram1-mediated mechanism downstream
of Myd88 has a protective function during mycobacterial
infection using zebrafish model [59]. Further research in the
stable dram1 mutant of zebrafish has validated this conclusion
[60]. In addition, it has also been shown that Stingl (stimu-
lator of interferon response cGAMP interactor 1) and autop-
hagic receptors, Sqstml/p62 (sequestosome 1) and Optn
(optineurin), are essential for the selective autophagy defense
during mycobacterial infection [59,61] (Figure 1). It would be
also interesting to study the role of other ubiquitin-binding
receptors, such as CALCOCO2/NDP52 (calcium binding and
coiled-coil domain 2) in the context of bacterial infection in
zebrafish model as it has been shown to be an important hub
for the anti-bacterial autophagy [62]. Zebrafish also served as
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a new model for the in vivo study of xenophagy of S. flexneri
that causes shigellosis in human. It has been shown in zebra-
fish that the intracellular S. flexneri can escape from the
phagosomes to the cytosol where it induces septin caging
formation and becomes a target of the Sqstm1-mediated au-
tophagy [44]. Collectively, the use of zebrafish to study the
host-pathogen interactions has contributed to our under-
standing of xenophagy. It can be further used for the devel-
opment of new therapeutic strategies against pathogens and
zebrafish will continue to serve as in vivo platform for inves-
tigation of the mechanisms underlying microbial
pathogenesis.

Lipophagy

Lipophagy is the selective autophagic degradation of the intra-
cellular lipid droplets (LDs) [63]. Human lipid metabolism
genes with corresponding zebrafish paralogs have been
reviewed and the results indicated that lipid metabolism is
conserved between the two species [64]. On the organismal
level, LD degradation in white adipose tissue is critical to
increase circulating fatty acids that provide fuel in the non-
adipose tissues during nutrient insufficiency. Although LDs
have historically been recognized for their importance in
energy storage, a growing body of literature has more recently
identified important roles for LDs in cell signaling and other
functions that link LD accumulation to the etiology of numer-
ous diseases [65,66]. A major challenge in the lipophagy field
is to construct markers of the LDs that accurately measure the
engulfment and degradation of these organelles through the
autophagy pathway with high sensitivity. The zebrafish larva
is a powerful tool for the study of lipid biology, because it
allows the visualization of digestive processes at both the
organ and subcellular levels [67,68]. Ideally, a fluorescent
neutral lipid stain that is resistant to the lysosomal quenching
and degradation would allow an optimal measurement of
lipophagic flux via co-localization with the LysoTracker
family of dyes. Recently, the group of Farber created
a zebrafish reporter line that has been genetically engineered
to produce glowing lipoproteins and named it “LipoGlo” [69].
This line gives the zebrafish model an added advantage for the
lipophagy-related studies. Recent lipidomics studies in zebra-
fish have further enhanced its attractiveness as a model for
lipophagy and lipid-related diseases [70,71]. In many lipid-
related diseases, lipid biomarkers, such as ceramides, which
play a tremendous role in disease diagnosis, have been identi-
fied. Recently, Pant et al., found novel variants in a gene
(DEGS1I), which is responsible for leukodystrophy in human
patients. Using targeted lipidomics studies in a zebrafish degsl
KD model, the group was able to identify specific long chain
sphingolipids that are altered in both patients and zebrafish
[71]. In addition, the group of Miller using high cholesterol
diet-fed larvae and adult zebrafish created a useful model of
hypercholesterolemia and atherogenesis, which can be further
exploited for lipophagy studies [72,73]. Recently, the first
evidence emerged that lipophagy in zebrafish might indeed
exist, as 36 h of starvation decreases the abundance of LDs
stained with BODIPY 493/503 in zebrafish liver [74].
Researchers have shown that when zebrafish were on a high-

fat diet with 13% of lipid for one week and, then, fasted for
24 hours with or without chloroquine (CQ), the use of CQ
leads to higher LD and triacylglycerol accumulation in the
liver than fasting without CQ. The protein levels of lipidated
Mapllc3b that represents autophagosomes are also higher in
the CQ-treated fish consistent with the autophagic degrada-
tion of LDs [74]. These results in zebrafish are in agreement
with the results in a zebrafish liver cell line where inhibition of
lipophagy with CQ decreases the lipid catabolism and anabo-
lism indicating that lipophagy is an important cellular process
in zebrafish [75]. Together, the use of zebrafish to study
lipophagy can provide novel insights for our understanding
of this selective autophagy process. These studies might be
useful for the development of new therapeutic approaches
against many human lipid accumulation diseases where lipo-
phagy could serve as a therapeutic target.

Aggrephagy

Aggrephagy, which means the selective autophagic degrada-
tion of protein aggregates [76], has emerged as an important
mechanism for understanding the TARDBP/TDP-43 (TAR
DNA binding protein) proteinopathies, tauopathies, synuclei-
nopathies and polyglutamine disorders. It is known that
approximately 30% of newly synthesized proteins are mis-
folded [77]. Therefore, the protein quality control must oper-
ate continuously to manage the influx of misfolded proteins.
The selectivity of aggrephagy toward specific cargos is
mediated largely by autophagic receptors, such as SQSTM1
and OPTN. Indeed, the zebrafish genetic model with sgstm1
KD suggests preferential targeting of motor neurons by
sgstml loss-of-function, the phenotype consistent with the
amyotrophic lateral sclerosis (ALS) that supports the role of
aggrephagy in ALS [78]. The morpholino KD of OPTN ortho-
log in zebrafish also causes the motor axonopathy phenotype,
as in the zebrafish sgstml ALS model [79]. Despite further
studies failed to confirm this phenotype in stable optn mutant
[80], overexpression of human OPTN disease variants in
zebrafish did cause axonal defects that could be efficiently
ameliorated by the morpholino KD of map2k5 (mitogen-
activated protein kinase kinase 5), most probably, via aug-
menting autophagy [81].

Several studies also used zebrafish to model Alzheimer
disease (AD). To analyze whether PICALM (phosphatidylino-
sitol binding clathrin assembly protein) affects the clearance
of MAPT (microtubule associated protein tau) in vivo, the
expression construct consisting of a green-to-red photocon-
vertible fluorescent protein, Dendra, fused to human MAPT
(Dendra-tau) was generated and co-expressed with the human
PICALM in zebrafish [82]. The human PICALM reduced
autophagosome formation and slowed down the clearance of
red Dendra-tau after photoconversion in zebrafish suggesting
that PICALM indeed modulates autophagy and MAPT clear-
ance. In a different study, expression of a rare variant of the
human MAPT, A152T, which is a risk factor for the fronto-
temporal dementia and AD, in zebrafish was found to be
associated with the disruption of proteasome but not auto-
phagy function and delayed MAPT-A152T clearance [83].
Interestingly, upregulation of autophagy improved the



clearance of MAPT-A152T in zebrafish and decreased its
toxicity suggesting that autophagy upregulation could be
a viable therapeutic strategy for these tauopathies. It has also
been shown that ERBB2 (erb-b2 receptor tyrosine kinase 2) is
at higher levels in the hippocampal regions of AD patients
[84]. By wusing the HEK293 cells overexpressing the
C-terminal 99 residues of APP (amyloid beta precursor pro-
tein), it was showed that the treatment with ERBB2 inhibitor
decreased the levels of both ERBB2 and the C-terminal 99
residues of APP. This result was validated in zebrafish model
of amyloidopathy. A discovery of the non-canonical function
of Erbb2 in modulating autophagy and establishment of
Erbb2 as a therapeutic target for AD have been accomplished
using zebrafish model [84]. These three studies in zebrafish
showcase the paramount role of aggrephagy in AD and
important role of zebrafish model in validating the in vitro
findings with human disease-related proteins.

Recently, a novel stable transgenic zebrafish line that
expresses eGFP-Map1lc3b under the neuron-specific elavi3 pro-
moter has been developed [85]. This transgenic line allowed the
quantification of autophagosome number, as well as measuring
autophagic flux, in neurons. Using lysosome protease inhibitors,
the authors were able to show an increase in eGFP-Mapllc3b
positive puncta in this transgenic line, which might be useful in
determining how the aggregate-prone proteins, such as MAPT,
are regulated by aggrephagy in relation to neurodegenerative
diseases. However, after discovery of the single-membrane
MAPILC3B conjugation events in the endolysosomal compart-
ments during a non-canonical autophagy, care must be taken in
the interpretation of eGFP-Map1lc3b dots [86].

Notably, mounting evidence in zebrafish models demon-
strated the selectivity of autophagy in degradation of the aggre-
gate-prone proteins via autophagic receptors, which link
autophagic cargos to Mapllc3b at the autophagic membrane
(Figure 1). These findings will serve as a proof of principle that
selective autophagy processes, such as aggrephagy, can be easily
studied in vivo using zebrafish. In summary, zebrafish models of
neurological diseases provided fundamental insights into aggre-
phagy. These insights will have broad implications for the design
of novel therapeutic strategies that can control these diseases.

Conclusions and prospects

We have illustrated how zebrafish models can reveal key
aspects of autophagy and provide fundamental advances in
understanding the biology of selective autophagy processes.
Despite major recent advances, the exact relevance of many
selective autophagy processes in vivo remains obscure. It is
expected that the study of selective autophagy pathways using
zebrafish model will continue to illuminate the complexity
that underlies these processes in vertebrates, including
human. The full potential of zebrafish as a tool in the selective
autophagy field has yet to be realized and employing
advanced gene editing, and high spatiotemporal resolution
in vivo microscopy techniques will further promote this
model for unlocking fundamental aspects of selective auto-
phagy processes. Clearly, the key strengths of the zebrafish are
its versatility and possibility of high-resolution dynamic
observations of autophagic flux that combined can enable
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rapid drug discovery. Therefore, to fully harness the power
of this model, the research community will need to embrace
the extensive but often low cost (when compared to rodents)
functional testing.

Most studies by now focused on understanding the selec-
tive autophagy mechanisms in yeast and cell culture models.
However, many researchers have already developed the reli-
able zebrafish models to understand the selective autophagy
processes and their relevance in pathophysiology. For exam-
ple, our laboratory is working on lipophagy and looking
forward to making a contribution to this new and exciting
area of autophagy research using zebrafish models of athero-
sclerosis. In zebrafish literature, there is no mention of other
important selective autophagy pathways, such as pexophagy
or reticulophagy, and they are yet to be explored. We predict
that unique properties of zebrafish model will be valuable to
investigate the molecular and cell biology of the remaining
selective autophagy processes in vivo and to discover the
unforeseen aspects of their mechanisms. Indeed, for the in-
depth understanding of the selective autophagy pathways in
human, it will be critical to complement the existing in vitro
models with the in vivo studies in vertebrates. Together with
advances in RNA sequencing and proteomics approaches,
high-throughput studies of the selective autophagy processes
in zebrafish will provide new insights to autophagy field.
Finally, another challenge will be to integrate the molecular
and cellular data on the selective autophagy in zebrafish with
such data in other vertebrate models, including mice.
Together, the improved understanding of the selective auto-
phagy in live vertebrates will provide vital clues for the devel-
opment of new therapeutic strategies against the wide
spectrum of human diseases.
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